Abstract: Efforts to improve dc-conductivity in poly(N-vinylcarbazole) (PVK) are addressed through composites. Such systems included phthalocyanine-based additives with both electronic and ionic character. We present a polysodium-2,9,16,23-tetramethylamine tetracyclohexanetetrazaporphyrine, acting as the conductive additive in a PVK-binder. A paramagnetic behaviour appears in the additive when heated in the range 70-100 ºC, which induced further conductivity in the sample. Dc-electrical conductivity was studied for different PVK-additive compositions, in isothermal conditions, using a sandwich Pt/sample/Pt cell. By applying the Poole-Frenkel theory a trapping state was evidenced showing temperature and electric field dependence. An electric field of 9x10 4 V/m establishes a frontier from which the conductivity mechanism is changed. Mobility of charge carriers was calculated according to the Mott-Gurney´s equation.
Introduction
Intrinsically conducting polymers and doped polymers (extrinsic conducting polymers) have been recognized for their potential use in large areas, either as flexible or rigid low cost materials for photovoltaic, photoelectrochemical applications and related technologies [1] . Several experiments have been carried out intending to dissolve photoreactive molecules in a solid transparent amorphous material in order to get optical information storage by one tautomerization reaction induced by irradiation. Metal-free phthalocyanines can work in this way when they have been grafted or incorporated into proper polymers, i.e., poly(methylmetacrylate) [2, 3] . However, this composite works properly only at 4.2 K. Other dye stuff as the 2,3,9,10,16,17,23,24-octacyano metal phthalocyanine has been incorporated into poly(N-vinylcarbazole) (PNV) either homogeneously dissolved or dispersed in order to favour the absorption of light at longer wavelength and the interaction between the donor and acceptor character of the groups that taking part in the system has been exceptional [4] . Authors mention that these films act as stable electrochromic redox systems in the absence of redox couples in an electrolyte. The conductivity of such composites presents a similar behaviour than that of the film made of phthalocyanine without polymer because charge carriers use the phthalocyanine pathway [5] . Another similar composite was formed by dispersion of Zn(II)-phthalocyanine into PNV [6] and the dioxygen action on the generated photocurrent in such a mixture has been studied. Other studies on thin films that dispersed phthalocyanine in polymers have been studied by R.O.Loutfy et al. [7, 8] .
The aim of this paper deals with dc-conductivity of several composites made of polysodium-2,9,16,23-tetramethylamine tetracyclohexanetetrazaporphyrine as additive and PVK as the polymer matrix. The conductor response against electric field has been studied in both isothermal and dynamic conditions from room temperature up to 100 ºC. An electrical conductor mechanism taking into account the paramagnetic effect as well as the trap states generated in the sample has been established.
Results and discussion

Additive characterization
In order to obtain an ionic metallated phthalocyanine, a Fe(III)-2,9,16,23-tetracarboxyamide phthalocyanine was submitted to reaction against sodium hydride. The obtained additive compound was a polysodium organometallic complex of a partially hydrogenated phthalocyanine characterized as bellow. From an additive water solution a little amount of Fe(II)-hydroxide precipitated which was quickly oxidized in the open air to Fe(III) and checked by reaction with potassium thiocyanate (KSCN) in hydrochloric acid medium. The analysis of the additive by atomic absorption spectrophotometry (AAS) gives Fe less than 0.17% and by atomic emission spectrophotometry (AES) gives Na 30.5%. The low Fe(II) content remains in the additive like an impurity. The ionic character of additive water solution was proved by measuring the ionic conductivity and its basic pH was imputed to the hydroxyl ions coming from the reaction of zero valence sodium atoms with water in the following way: 2Naº + 2H 2 O→ 2Na + OH -+ H 2 . In fact, the EPR spectrum of solid sample showed paramagnetic behaviour which as it will be seen below is associated with the presence of sodium atoms of zero valence placed inside the phthalocyanine ring.
The FTIR spectrum showed a strong amine band, the C-H stretching bands of -CH 2 groups and that of aromatic C-H stretchings. Since the carbonyl band does not appear it is able to think that a reduction process took place transforming the original amide in an aliphatic amine. The 13 C and 23 Na solid-state Nuclear Magnetic Resonance (NMR) spectroscopy confirmed the presence of aliphatic amines and hydrogenated periphery rings while the centre remains aromatic. Two signals of non equivalent Na appeared. One may be assigned to sodium ions and zero valence sodium atom placed in the aromatic centre of the modified phthalocyanine while the other signal is assigned to four equivalent sodium ions complexed with the periphery amines [9] , see Scheme 1.
Several authors [10] [11] [12] have evidenced the utility of Mass Spectrometry techniques to obtain the electron ionization mass spectra of low volatility and intractability substituted phthalocyanines and others related compounds. This phthalocyanine based additive was analyzed by MALDI, Electrospray and FAB techniques. For MALDI experiments sample was dissolved in water and prepared with two matrixes, 2,5-dihydroxybenzoic acid (DHB) and α-cyano-4-hydroxycinnamic acid (ACC), respectively. In both cases only a peak at 113 amu was detected. This fragment could correspond to an empiric formula C 7 NH 15 , which would arise from the disconnection of peripheral hydrogenated rings yielding a molecule with a structure like that shown in the Scheme 2 The solid sample was analyzed by FAB technique in positive mode by using mnitrobenzyl alcohol (m-NBA) and 2-nitrophenyl octyl ester (NPOE) as matrices, respectively. A second experiment was performed by dissolving it previously in water. In both cases low sample ionization was observed, only the matrix ions with sodium cation was detected, which is indicative of a high content of sodium salts in the sample. Authors [12] found that FAB spectrum of unsubstituted metal free phthalocyanines results are very much dependent on the matrix used and report values such as m/z 129 (protonated phthalonitrile) and m/z 130 (phthalonitrilo+2H) in neat H 2 SO 4 as a consequence of the phthalocyanine decomposition. Also they detect low intensity peaks at m/z 530, 531 and 532 which correspond to the attachment of an oxygen atom to give the adduct ion species [ . Shankai et al. [13] have shown MALDI studies about water soluble phthalocyanines and their carboxyl derivatives breaking down in such a way that a peak of m/z=124 corresponded to the periphery carboxyl aromatic ring. It is in agreement with our assignment of 113 amu with the periphery group in Scheme 2.
Several essays by using the Electrospray (ESI) technique, in positive mode, were performed. For it, sample was dissolved in 100% water, water-methanol, and water-0.1% of formic acid/methane, respectively. All registers showed low ionization efficiency, basically only ions at low mass appeared without iron isotopic distribution. In a new essay, in negative mode, by dissolving the sample in ammonium acetate, the same results as the above were confirmed. Newly the low efficiency of ionization by ESI is imputed to the high content of salts in the sample. So, we can confirm that many sodium ions are present in the molecule.
Finally, new MALDI essays were performed mixing the matrix-sample mixture with a strong cationic-exchange resin in order to change sodium by ammonium ions. Both matrix DHB and ACC were used. Registers in positive mode show two intense signals at 744 amu and 846 amu. In negative mode the ion at 744 amu is again observed. It is indicative that ions like M + and M -appear in the ionization mechanism. Both detected fragments 744 and 846 amu should correspond to structures of modified phthalocyanine having hydrogenated the periphery groups. Four sodium atoms are present in the centre aromatic nucleus corresponding to the 744 amu fragment assigned to C 36 N 12 H 52 Na 4 and nine sodium atoms in the case of 844 amu which if approaches to 850 could be assigned to C 36 N 12 H 52 Na 9 , see Scheme 1.
Due to the high thermal stability of this sample, recognized by the high content of remaining incombustible ashes, the elemental microanalysis yielded C 23.8%, H 3.95% and N 3.70% nevertheless such results do not represent the whole molecule but only the evolved volatile gases. Considering results given above we impute this data to fragments similar to that of the Scheme 2 which theoretical values would be C 35.2%, N 5.9% and H 6.3%. In order to understand the composite electrical response against temperature the additive characterization by Electronic Paramagnetic Resonance (EPR) spectroscopy was required. The X-band room temperature EPR powder spectrum of a freshly additive sample shows a rather complex signal, with fine structure, centred about g = 2.005 ( Figure 1 ). The intensity of this signal follows a typical Curie Law thermal dependence and therefore it can be ascribed to the presence of a small percentage of iron impurities. However, when the sample is heated up to 100 ºC a new feature is detected on the spectra.
This signal could be isolated removing the room temperature contributions from the high temperature spectra and the resulting line is a classical Lorentzian curve with a half-height width of 5 Gauss and a g value of 2.005 ( Figure 2 ). The observation of a Lorentzian line is consistent with a low concentration of paramagnetic sites although strongly exchange coupled. This type of signals have been previously detected in many metal-free phthalocyanines and conducting polymers [14, 15] . However, its nature is not still totally clear: inorganic impurities, organic radicals generated during the polymerization process, molecules in excited triplet states, stable diradicals, charge transfer complexes and electron excitations have been proposed as possible sources for these signals [16] . Moreover, a problem still unresolved is to find the correlation between their electrical and paramagnetic properties.
In order to analyze the thermal behaviour of the paramagnetic signals, EPR spectra were taken every 5 degrees between 290 and 400 K and the evolution of the spectra with time was also registered at different temperatures. This protocol of measurements was followed with samples previously submitted to different electric fields and/or temperatures. The intensity, position and peak to peak linewidth of the signal were analyzed. During the first heating procedure, the new signal was detectable above 370 K and its intensity increased rapidly with temperature and time.
After the sample was cooled down to room temperature, the signal remained practically unchanged for long time. Its intensity decreases less than a 20% in 15 days. However, in a second heating, the intensity decreases to 380 K and increase again over it. No remarkable changes were observed on the peak to peak linewidth on the resonance field of the signal. This behaviour could be explained assuming that during the first heating run, the organometallic complex is activated by temperature in such a way that the Naº transforms into a cation, Na + , and a free electron generating a paramagnetic state in the sample. That state remains stable when the sample is cooled down to room temperature. In the second heating run up to 100 ºC the paramagnetic signal decreases due to a possible recombination of radicals. This is in agreement with the electrical behaviour detected by a similar experiment under an electric field.
Electrical behaviour
Since additive solid state conductivity at room conditions (25 ºC, 70% relative humidity) varied appreciably along the time, due to the hygroscopic character, a dried nitrogen atmosphere was maintained inside the sandwich cell camera during d.c.-electrical measurements of additive and PVK-additive composites to avoid humidity and data errors. In this manner, conductor species such as ions coming from the additive, injected electrons and holes are able to act as charge carriers in the electric conductivity mechanism. Experiments performed by applying a constant electric voltage while heating at fixed heating rate showed the influence of the radical thermally generated. Figure 3 shows current density values, J, when an electric field bias 90 V was applied to an additive sample by two successive dynamic heating processes performed at 1 ºC/min heating rate up to 100 ºC. In the first run, curve (a), J values at first increase lightly with temperature but strongly over 90 ºC. In the next run, curve (b),made after cooling sample without applying voltage, J values are higher than in first one till around 90 ºC and after values are going up but not strongly as before. The difference between both behaviours is due to the radical appearance by heating as showed by the EPR signal. The sample changes from diamagnetic state to paramagnetic one over 70 ºC and conductivity increases abruptly the first time it was heated.
In other experiment, after conditions of curve (a) in Fig. 3 , the sample was cooled maintaining electric field applied. In the next heating process without electric field applied the resulting current density values were low enough to be estimated. So, any thermally stimulated depolarization current (TSDC) process was not taken into account. Therefore the hypothesis of a thermally induced paramagnetism appears to be more plausible and EPR measurements were carried out in order to confirm this assumption. In addition, no thermo-induced EPR signals were observed on samples that had been submitted to different electric fields at 100 ºC and cooled down in zero-field, meanwhile if the sample is heated up to 60 ºC, kept at that temperature for 3 hours under a field bias 90 V and then cooled down to room temperature maintaining the electric field applied, the intensity of the thermo-induced EPR signal is notably increased (Figure 4 ). In Table 1 activation energy values, obtained below 70 ºC, E a1 , and over 70 ºC, E a2 , are given for each additive-PVK composition. In the low temperature range, the corresponding E a1 gives at random values as corresponding to the named hopping model of charge carriers between conductive aggregates of phthalocyanine units becoming isolated from each other by the insulator matrix polymer. The E a2 values, plotted in Figure 5 , vs additive composition reach maximum at 60.5%. Activation energy increases as polymer proportion does and after the maximum energy decreases quickly. In spite of the presence of paramagnetic species developed in all samples for such temperature interval, the charge carriers have to overpass a high energy barrier as consequence of polymer-additive interactions. About the fifty-fifty additive-polymer proportion, conducting units became enough separated so as to act as conductor additive islands dispersed in the insulating polymer matrix. In the last mixture, E a2 has a value close to that of pure additive. Its conductivity is lower that of the pure additive but higher than that of PVK alone. The results suggest that at low temperatures both hole transport between carbazole states and electron transport between additive states are unaffected. Nevertheless over 70 ºC thermally assisted electron transport [17] , trapping and detrapping electric field dependent joined to the electron transport brought by the appearance of a paramagnetic species are factors responsible for the whole conductor mechanism
Tab
The effect of magnetic species on molecular doped polymer conductivity has been reported for (tri-p-tolyl-amine oxidized by antimony pentachloride, [TTA + SbCl 5 - ] in Lexan-polycarbonate [18] . The transport of electrons in the conduction band by drift and diffusion mechanisms and trapping and detrapping of electrons become the dominant processes that control the conduction-electron density in dielectric materials having large trap density. It is expected they fit the Poole Frenkel (PF) [19] conduction mechanism according to the following equation:
being J the current density, E the electric field, J 0 the low field current density, (J 0 /E) =Aexp(-W d /k B T) with A being a constant, W B d the normal potential energy barrier of the dielectric, k B the Boltzmann constant, T the temperature and β PF = (e / 4πε ) being ε the dielectric constant and e the electron charge, β
PF is the Pool-Frenkel barrier that charge carriers must reach to enter in the conduction band. According to Eq.(1), at constant temperature, conductivity increases as electric field does. The trapping influence on conductivity was studied by submitting the samples to different electric fields at several constant temperatures.
The plot of ln (J/E) vs E 1/2 for each sample yield similar behaviour as that plotted in Figure 6 for 89% additive/PVK sample, i.e. the straight line (a) corresponds to temperature below 70ºC while at higher temperatures, in line (b), a slope change around 300 value for E 1/2 is manifested. For higher electric fields conductivity decreases in contrast to that expected if detrapping would take place as consequence of a Pool-Frenkel effect. So, even three different trap states are possible according to temperature and electric field conditions and therefore three β PF values were calculated. β PF1 and β PF2 values were derived at low and high electric field, respectively, for electric experiments performed at temperatures over 70 ºC, for each composite. The β PF3 values were derived from electric experiments at low temperature but only for composites with higher additive proportion. In relation to the paramagnetism, once thermal radicals appeared at first conductivity is high and increasing with field till the slope change. From that, as the electric field strength made those electrons coming from radical species to disappear, only ions and injected electrons contributes to the sample conductivity which increases with applied electric filed. All β PF derived values and the corresponding ε values are listed in Table 2 . As composites have minor additive proportion β PF values decrease since the PVK is a well known dielectric polymer [20] . As higher β PF it is easier for the carriers to escape from traps. The highest β PF value corresponds to β PF1 for the 89% composition. It might be imputed to an experimental error but also to a possible interaction of polymer-additive in the manner that the presence of few polymer proportion (11%) favours charge carriers conductivity.
In summary temperature enhances carrier's conductivity at the same time that favours an increment of charge carriers because over 70 ºC temperature provokes the appearance of radical species bringing free electrons further than that electric field aids to charge detrapping and so a high conductivity is brought about.
Nevertheless, high electric fields, E >9·10 4 V/m, made free electrons of radical species to jump to the electrode and so charge carriers decrease although charge detrapping continues by electric field effect. Eventually conductivity is higher than at low temperatures but the traps level is similar in both cases because β PF3 values are close to β PF1 ones. 
Tab. 2. β
C·V/m 100 T>70 0.116 0.95 0.050 5.14 
Taking a fixed electric field value, E i , after the slope change, the energy difference, ξ i , between that expected if electron would not run away, β PF2 E i 1/2 , and that actually reached, β PF3 E i 1/2 , is just that employed by the electron to escape from the dielectric at speed, v i , i.e.:
, m e being the electron mass, and mobility μ = v i /E i . In Table 3 are listed electron mobility, μ e , calculated at electric field 2x10 5 (V/m) and 90 ºC for each composite sample. For additive proportion below 81%, mobility reduced almost up to the half value. As polymer is adding to the matrix the electron mobility value hardly varies as expected. Table 1 .
The whole mobility of carriers was calculated according to the Mott-Gurney law [21] by the following equation:
V being the applied voltage, d the sample thickness, μ the mobility of carriers, ε the sample dielectric constant and J the electrical current crossing the sample. For experiment at the same temperature and additive composition J values were plotted versus the square power of the applied voltage and the corresponding dielectric constants, ε 1 , were calculated by applying the Poole-Frenkel equation, which are given in Table 2 . Eq. (2) was applied to the composite with additive 89% at 90 ºC, before the electron escaped, and at 60 ºC, when radical were not generated. The corresponding ε values to both conditions, given in Table 2 -4 C/m 3 at 90 ºC while 1.838·10 -4 C/m 3 at 60 ºC. This transported charge increment, at 90 ºC, agrees with the above charge carrier's increment attributed to electrons coming from radical species which appeared at high temperature but it does not occur at 60 ºC. So, at 90 ºC conductivity is higher due to the larger number of charge carriers because of both the effects thermal activation and charge detrapping and furthermore to the high mobility of the free electron of the radicals before escape by the action of high electric fields
Conclusions
An electrical study has been performed on PVK-based composites. The additive consists of a polysodium-2,9,16,23-tetramethylamine tetracyclohexanetetrazaporphyrine. This additive by heating over 70 ºC develops a paramagnetic behaviour because of appearance of a radical species that enhances the dc-electrical conductivity.
Previous to applying electric field, under isothermal conditions, samples were heated at several temperatures. By EPR it has been proved that the paramagnetic radical remained for many days at 100 ºC if electric field was not applied.
The electric conduction mechanism is temperature dependent and in agreement with the Pool-Frenkel effect in the sense that electric field aids the charge carriers to go out of the traps, improving conductivity of the composites. However, at high temperatures, by applying electric fields higher than 9·10 4 V/m, free electrons disappear by jumping to the external circuit thus decreasing the conductivity of the composites because only minor number of charge carriers remain. These electrons escape to a very high speed because their mobility is much larger than mobility of the intrinsic charge carriers. Calculation of transported charge per volume unit evidences no transported charge increment at those temperatures that did not favour the paramagnetic radical formation.
Experimental part
Synthesis of additive and preparation of composites
Fe(III)-Phthalocyanine-2,9,16,23-tetracarboxyamide [Fe(III)-Pctca], was synthesized according to Shirai´s procedure [22] and its sodium derivative was afforded by reaction with sodium hydride as follows. A 100 ml three neck round-bottomed flask containing a suspension of 1g of [Fe(III)-Pctca] and 50 ml of decaline was sonicated in an ultrasonic bath for two hours at room temperature. Then the flask was placed in a silicon bath at room temperature and 50ml of 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) added to the above suspension which was stirred for fifteen minutes while flowing nitrogen stream. Finally, 3.8 g of sodium hydride (twenty times the equivalent proportion to amide groups) as free-flowing powder moistened with oil was added. The reaction was performed at 25 ºC for fifteen minutes and finally kept at 80 ºC with magnetic stirring for half an hour.
After the reaction vessel was cooled down to room temperature, a solution of poly(ethylene-Co-vinylacetate)(EVA) in Decaline/DMPU (50:50) was added and again heated to 80 ºC for one hour. By this reaction the Fe(III) is transferred from the phthalocyanine nucleus to the ester-EVA groups yielding a polyorganometallic complex of brown colour [23] . An excess of acetone was added to the reaction vessel in order to neutralize the non reacted hydride; gas bubbles being so removed was analysed by mass spectrometry as hydrogen gas. Once the reaction finished the solid phase was transferred to a soxhlet extraction apparatus in which methanol and water were sequentially used as extraction solvents. Among others a large quantity of very hygroscopic green solid was recovered from the water solution. It was dried and kept under vacuum at 40 ºC for long time just until the moment it was used as the named additive. PVK-additive composites of different compositions were prepared by mixing in different proportions solution of 0.5% PVK in dried tetrahydrofurane (THF) (w/vol:0.5/100) with additive dry powder. Each resulting colloidal mixture was homogenized in an ultrasonic bath at 25 ºC for three hours and solvent evaporated until complete dryness. The dry powder kept inside a vacuum oven for 24 hours at 40 ºC and then used to build flat tablets for conductivity measurements. Each tablet placed between two Pt electrodes of a sandwich type cell in order to measure its d.c.-electrical conductivity. Flat tablets additive-PVK proportions are listed In Table 1 .
Quantitative analysis of both sodium and iron atoms present in the additive were carried out by Atomic Absorption Spectroscopy (AAS) in a GBC-Avanta-Σ instrument. Sodium ions water solution was analyzed by emission technique while absorption one used for iron ion analysis was from hydrochloric acid water solution.
The additive was analyzed by using three Mass Spectrometry (MS) techniques: matrix-assisted laser desorption ionization (MALDI) performed in a Bruker-REFLEXIII instrument, fast atom bombardment (FAB) technique in a VG-AutoSpec instrument and the electrospray ionization (ESI) technique in an API QSTAR PULSARI instrument.
Electron Paramagnetic Resonance Spectroscopy (EPR) in a Bruker ESP300 spectrometer operating at X band and equipped with standard Oxford variable temperature device was used to record the EPR powder spectra at different temperatures. The magnetic field was calibrated by a NMR probe and the frequency inside the cavity was determined with a Hewlett-Packard 5352B microwave frequency counter. Measurements were carried out placing the sample into open quartz tubes under nitrogen atmosphere.
Electrical measurements
A home-made sandwich type cell assembly [24] was connected to an electrometer Keithley (model 617) with a voltage source built-in. It was used to apply d.c. voltage signals and measure the resistance exerted by samples to the current crossing over. Two cylindrical electrodes, with contact surface of 3.526·10 -5 m 2 , were made of platinum to avoid electrode-sample electrochemical reactions. The cell temperature was commanded by a programmable temperature control system.
Flat circular tablet samples were built by applying 10Tn pressure on sample dry sample powders at the same time that air was extracted with a vacuum pump. Tablets of diameter 13 mm and thickness within 0.2-0.4mm were kept at 40 ºC under vacuum, to avoid humidity absorption, just until the moment it was placed between electrodes for electrical measurements.
Before applying electric current for the first time, both additive sample as well as additive-PVK composites was previously submitted to the same thermal history as follows: the sandwich cell containing a tablet was heated at 60 ºC for 14 hours, under 10 ml/min nitrogen stream and afterwards left to cool till room temperature. In this way both stress acquired by pressing or accumulated static charge were released and next the desired voltages and temperatures were applied. The electrical behaviour of the additive and additive-PVK composites was studied under isothermal conditions.
